Biologic drugs (e.g. anti-tumor necrosis factors) are effective treatments for multiple chronic inflammatory diseases including rheumatoid arthritis, axial spondyloarthritis, and psoriatic arthritis. Administration of biologic drugs is usually via subcutaneous self-injection, which provides many patient benefits compared to infusions including increased flexibility, reduced costs, and reduced caregiver burden. However, it is also associated with challenges such as needle phobia, patient treatment misconceptions and incorrect drug administration, and can be impacted by dexterity problems. Evidence suggests these problems, along with other drug administration challenges (e.g. patient forgetfulness, busy lifestyles, and polypharmacy), can reduce patient adherence to treatment. To combat these challenges, patient feedback has been used to develop a range of self-injection devices, including pre-filled syringes, pre-filled pens, and electronic injection devices. Providing different devices for drug administration gives patients the opportunity to choose a device that addresses the challenges they face as an individual. Research suggests involving patients in medical device development, providing patients with a choice of devices and enrolling individuals in patient support programs can empower patients to take control of their treatment journey. By providing a portfolio of self-injection devices, designed based on patient needs, patient experience will improve, potentially improving adherence and hence, long-term treatment outcomes.
Introduction
Anti-tumor necrosis factor (anti-TNF) biologic drugs have emerged as effective and safe at treating a range of chronic inflammatory diseases, including axial spondyloarthritis (axSpA), Crohn's disease (CD), psoriasis (PSO), psoriatic arthritis (PsA) and rheumatoid arthritis (RA) (Sivamani et al., 2013; Maruotti & Cantatore, 2014; Wang et al., 2014; Mease, 2015; Trivedi & Hanauer, 2015) . The use of biological disease-modifying antirheumatic drugs (bDMARDs), often alongside conventional disease-modifying antirheumatic drugs (cDMARDs), such as methotrexate, has resulted in better long-term disease control and reduced functional impairment.
Anti-TNF biologic drugs are protein molecules and so are easily broken down by the digestive system; therefore administration is usually via injection (Schiff et al., 2017) . To reduce the impact of treatment administration on patients' lives, self-injection devices, able to inject anti-TNFs subcutaneously, have been developed. Once trained, patients can self-administer their prescribed biologic agent without additional help (Lyseng-Williamson, 2017) . By removing the need of a healthcare professional (HCP) or caregiver, patient self-injection is associated with a wide range of benefits compared to infusion therapy, including increased flexibility in the time and place of injection administration, reduced cost to both the patient and healthcare system, reduced travel time, and reduced caregiver burden (Cross et al., 2006; Keininger & Coteur, 2011) . Overall, this leads to increased patient control, self-efficacy, and autonomy, reducing the psychological burden of disease and improving quality of life (Salmon & Hall, 2003) . Self-injection is also associated with a number of challenges. These include needle phobia, fear and anxiety, concerns about pain, stinging, and other injection site reactions, patient lack of confidence, incorrect administration, medication non-adherence, and the struggle to use a self-injection device while suffering from arthritic pain and swelling of the hands (Schwartzman & Morgan, 2004; Keininger & Coteur, 2011; Schiff et al., 2017) . Self-injection device design can help overcome some of the challenges associated with self-injection, improving ease of use, and ultimately aiding disease management and improving longterm outcomes (Maniadakis et al., 2018) .
The aims of this narrative review article are to describe current self-injection devices and the device development process including how patients can influence development, based on a pragmatic review of the literature. In addition, this article explores how using a portfolio of different selfinjection devices may help address the needs of patient populations in different disease areas.
Device options
Three main types of device have been developed for the administration of biologic agents in chronic inflammatory diseases: pre-filled syringes (PFS), pre-filled pens (PFP), and electronic injection devices (e-Devices). These different devices have been developed in response to the challenges and preferences of patients using self-injection devices with the aim of improving patient experience during self-injection (Sheikhzadeh et al., 2012; Lange et al., 2014; Schulze-Koops et al., 2015; Schiff et al., 2016; Lyseng-Williamson, 2017) .
A PFS is an injection system consisting of a needle and syringe (Sheikhzadeh et al., 2012) ; the syringe is pre-filled with the appropriate drug dose reducing the time taken to inject, decreasing the chance of microbiological contamination and reducing the likelihood of dosing errors (Table 1) (Makwana et al., 2011) . The physical features of the syringe (e.g. finger flange, plunger rod, and needle cap) can be designed to help with self-injection, for example, the flanges can be increased in size to help rheumatic patients handle the device (Sheikhzadeh et al., 2012) .
The PFP is a self-injection pen designed to automate the injection process (Table 2) (Kivitz et al., 2006; Kivitz & Segurado, 2007; Lange et al., 2014; Doma nska et al., 2017) . Automated activation (e.g. by push button), audible clicks, a hidden needle and a viewing window for observing injection progress all aim to improve ergonomics, make the injection process easier, and increase patient confidence (Freundlich et al., 2014; Lange et al., 2015; Doma nska et al., 2017b) .
Most recently e-Devices have been developed based on the PFP design but offering more enhanced technical features (Table 3) . They are reusable and electronic with advanced technical functions to support disease management such as on-screen instructions, injection log, skin sensor, and injection speed control. Furthermore, the e-Device can include features to maximize injection safety; for example, an automatic injection stop when skin contact is lost, the same automatic needle insertion and retraction as seen in PFPs, and a medication information chip reader to ensure medication authenticity and use-by-date (Doma nska et al., 2018). As e-Devices are reusable with disposable medicine cartridges, practice 'cartridges' that do not contain medicine have been developed to allow patients to gain confidence using the e-Device (Doma nska et al., 2018).
Development of devices
Development of self-injection devices is increasingly focused on patient needs, with patient feedback being incorporated at many stages of device design ( Figure 1 ) (Schiff et al., 2016; Schulze-Koops et al., 2015; Doma nska et al., 2018) . During the early stages of device design, focus groups are often used to collect information about the unmet needs of the intended users (e.g. patients, caregivers, HCPs) of the fully developed medical device. Feedback from these groups is then used to develop early prototype devices (Keininger & Coteur, 2011; Schiff et al., 2016; Schiff et al., 2017) .
Following the design and development of the prototype device, formative human factors studies (HFS) are used to assess and iteratively improve the prototype design, the Step-by-step guidance Interactive GUI Injection log and on-screen injection notifications Skin sensor and emergency stop when skin contact is lost to minimize drug loss Medication information chip for security (authenticity and use-by-date) Control speed of injection GUI: Graphical User Interface; TNF: tumor necrosis factor. packaging and the readability of the instructions for use (Lange et al., 2014; Lange et al., 2015; Schiff et al., 2016; Doma nska et al., 2018) . Participants can include healthy volunteers, patients, caregivers, and HCPs who are asked to simulate using the device (e.g. inject an artificial skin pad) and answer questions on device usability. User feedback is then incorporated into the next iteration of the device design before conducting another formative HFS to assess the updated version. Formative HFS aim to guide the development process and ensure the device is effectively addressing all identified patient needs (Doma nska et al., 2018) . This process helps to guarantee device safety and that patients use the device as intended. This includes identifying any usability problems or use-errors and ensuring any modifications to the prototype design are effective (FDA, 2016b).
Key regulatory steps required for approval
For medical devices to be granted approval in the US or EU, the Food and Drug Administration (FDA) and European Medicines Agency (EMA) require evidence that the device is safe and effective for use by the intended users, for the intended uses, and for the intended use environments. The FDA and EMA both require this evidence to be in the form of a validation HFS (Panescu, 2009; French-Mowat & Burnett, 2012; FDA 2016a; MHRA 2017) . Validation HFS are conducted on the finalized device, representative of the launch product, with the aim to validate the safety and effectiveness of both the device and instructions for use. Participants are not trained but are provided with the instructions for use for guidance and are monitored while using the device to perform a simulated self-injection. Users are assessed against a number of pre-defined tasks that have been identified as critical for the patient to use the device safely and effectively; these are termed critical tasks (FDA, 2016b) . Participants are individuals expected to use the device in a real-world setting. Results of validation HFS are used as part of the submission to the FDA/EMA for device approval. In some cases, clinical studies are also required alongside a validation HFS, for example, bioequivalence studies comparing devices and clinical studies to demonstrate safe and effective use (FDA, 2016b).
Patient empowerment and the implementation of new device technology
Sub-optimal adherence is a challenge associated with all DMARDS including biologic therapies (Fidder et al., 2013; Lopez-Gonzalez et al., 2015; Maniadakis et al., 2018) , and has implications for both clinical and patient-reported outcomes, and treatment costs. For example, non-adherence has consistently been associated with increased morbidity and mortality, and reduced treatment benefit and symptomatic improvement (Bluett et al., 2015; Pasma et al., 2015; Maniadakis et al., 2018) . Device development is increasingly focusing on patient preference and satisfaction as evidence suggests improved patient experience with drug administration can have a positive effect on adherence to therapy (Schwartzman & Morgan, 2004; Sheikhzadeh et al., 2012) .
Patient preference studies, which compare new devices with already-approved self-injection devices, can provide insights into the impact of modifying device features on patient preference and give an indication of whether these features will help improve treatment experience. In preference studies, patients compare and rate different injection devices based on their individual preferences and satisfaction resulting in a scientific and clinical assessment of patient opinions. Preference studies can provide evidence that a specific device is preferred over competitors, and provide an opportunity for patients to give feedback on why they prefer certain devices over others (Lyseng-Williamson, 2017) . Patient preference studies can also be feature-specific, asking patients to rank individual features of a medical device to determine the features patients consider most important or useful (Doma nska et al., 2017a) . Additionally, a preference study may be an HFS if comparing a device against a competitor device, or a clinical study if preference between different devices for the same drug is investigated.
Discrete choice experiments (DCE) are another method of investigating user preference of different devices and design features. DCE studies are a quantitative technique to investigate the role each attribute plays in determining patients' preference for a device or feature (Harrison et al., 2015) . Users answer multiple questions stating their preference between two or more hypothetical devices. Each hypothetical device is defined by several varying attributes and responses are used to determine patient preference for each attribute and each attribute's relative importance (Mangham et al., 2009 ). Through DCE and preference studies, patients are given the opportunity to feedback what devices and features they prefer and prioritize (Fraenkel et al., 2004; Kivitz et al., 2006; Finckh et al., 2016; Collier et al., 2017) . This ability to influence the development of devices empowers patients, giving them a way to guide how treatment is administered.
A more recently developed method to elicit patient feedback is the Parker Model (Jrgensen et al., 2018) . The Parker Model is a composite, three-step, qualitative research model designed to evaluate the development and implementation of new medical devices. The model combines concept mapping of patient views about the e-Device with iterative participatory design sessions to develop e-Device prototypes that capture the feedback of all patients. Finally, patient and disease management stakeholders are involved in group and individual stakeholder evaluations of the e-Device (Jrgensen et al., 2018) . Each step of the model aims to support the flow of information between participants and highlight key themes in users' responses to new medical devices. This process of evaluation can help identify insights that can feed back into new iterations of medical devices and can help ensure new device technologies are introduced to new users in the most effective way.
Factors impacting patient adherence that can be addressed using optimized device design
Multiple factors, both general and specific to chronic inflammatory diseases, influence treatment adherence and successful self-injection. Generally, reasons for treatment non-adherence can be grouped into two categories: conscious and unconscious non-adherence. Conscious non-adherers actively avoid administering medication for reasons such as concerns about treatment efficacy or side effects, or beliefs about medication or healthcare generally (Michetti et al., 2017) . Evidence suggests reducing medication concerns and increasing family and HCP support may help reduce this form of non-adherence (van den Bemt & van Lankveld, 2007; Gadallah et al., 2015; Morgan et al., 2015) . It has been suggested that a wider recognition of the role of conscious psychological factors, including medication beliefs, could help improve treatment adherence and improve clinical and economic outcomes .
Unconscious non-adherence is a form of non-intentional non-adherence often driven by patients' inability to take their medication. This could include forgetfulness, misunderstanding of the drug regimen, a lack of patient motivation, needle phobia, and problems with hand dexterity and drug administration when using non-ergonomically adapted syringes. Many of the factors driving unconscious non-adherence, such as those above, can be addressed by improving the design of a self-injection device.
Evidence suggests forgetfulness (erratic non-adherence) may account for 50% of non-adherence, despite patients expressing a strong willingness to try new medicines and adhere to effective treatment (Feldman, 2013) . Polypharmacy may exacerbate this, with evidence suggesting that taking more than three types of medication daily or increasing the dosing frequency is likely to increase rates of non-adherence (Saini et al., 2009; Bugni et al., 2012) . Limited health literacy and low educational level have also been associated with non-adherence. It has been suggested patient education programs to increase patient understanding of the disease area and potential treatment benefits may improve levels of this type of unconscious non-adherence (Horne et al., 2013; Pasma et al., 2013; Joplin et al., 2015) . Applying patient education to self-injection has had some success at improving rates of adherence. For example, an education session about switching from a PFS to a PFP was found to increase adherence following the switch to the PFP in a group of patients prescribed etanercept (Borr as-Blasco et al., 2013). However, there are few studies in this area and so more research focusing on the impact of specific educational strategies is needed (Galo et al., 2016) .
Reduced psychological well-being can also be a reason for unconscious non-adherence. Unmanaged persistent anxiety and depression are associated with poorer health outcomes over time, including raised tender joint count, Disease Activity Score (DAS28) and Health Assessment Questionnaire (HAQ) score in RA (Hider et al., 2009; Matcham et al., 2016; Maniadakis et al., 2018) . Low mood coupled with misconceptions and a poor understanding of their chronic conditions may lead to dissatisfaction with clinical consultation and inappropriate avoidance of treatment, non-adherence and poor disease management (Fortune et al., 2002; Renzi et al., 2002) . For example, depressive symptoms predict anti-TNF non-adherence in patients with inflammatory bowel disease (Calloway et al., 2017) . Low levels of self-efficacy, an individual's belief in their own ability to succeed in accomplishing a task, have also been linked to non-adherence, suggesting increasing patient self-injection confidence and empowerment may help increase adherence levels (Nafradi et al., 2017) .
Specific factors related to the disease area (e.g. rheumatology-specific factors) and treatment may also contribute to low adherence (Vangeli et al., 2015) . Fear and anxiety about self-injection, in the form of needle phobia, is a recognized barrier to patient adherence (Cox & Mohr, 2003) , and previous bad experiences with self-injection have been found to affect the patient's future experience of self-injection (Schiff et al., 2017) . Positive therapeutic clinical relationships and skilled HCPs can help to reduce fear, improve patient wellbeing, individualize person-centered care and foster a feeling of support. For example, the development of rituals surrounding the preparation and act of self-injection can help patients' control of the process and reduce anxiety (Schiff et al., 2017) .
A portfolio of devices can address a range of patient needs
As discussed above, low patient adherence is caused by a range of factors which are strongly individually determined. The necessity-concern framework proposes that a patient's adherence decisions are a result of the balance between their perceived need for medication (necessity) and their concerns regarding its use (Horne et al., 1999; Phillips et al., 2014) . If an individual's view of the necessity of their treatment increases, while their concerns about its use decrease, adherence to their treatment regimen will improve (Horne et al., 2013) . Effective device design provides one way to reduce patient treatment concerns. All self-injection devices can be developed to reduce patient concerns about drug administration and help maximize the range of individuals it is suitable for. By involving patients in the design of a device, for example through formative HFS, device manufacturers can ensure they are developing devices that address patient needs (Doma nska et al., 2018) . Syringe flanges or PFP grips can be designed ergonomically to help increase the isometric force patients can apply during an injection. As a result, this helps overcome some of the challenges resulting from patient dexterity problems (Sheikhzadeh et al., 2012) . Ergonomic syringe flanges were preferred by patients, compared to a standard syringe (Sheikhzadeh et al., 2012) .
Having access to a portfolio of different injection devices designed specifically for each treatment option allows physicians, through discussions with patients, to adapt treatment administration to different patients' needs. The availability of choice in self-injection devices is an important piece in the 'eco-system' of a comprehensive treatment landscape for chronic disease management. Evidence suggests using a preferred device may increase patient tolerance of self-injection and possibly improve adherence (Gau & Takasawa, 2017) . Generally, devices have been found to have a positive impact on the self-esteem of elderly patients if they feel they are mastering the device (Thomson et al., 2013) . However, the same research found that a device could have a negative impact on elderly patients' self-esteem if they felt they had no other choice but to use it (Thomson et al., 2013) . This evidence supports the use of a portfolio of devices, as a choice between devices may help prevent patients from feeling they have to use a specific device.
Injection-naïve patients often suffer increased selfinjection anxiety (Cox & Mohr, 2003; Karter et al., 2010) . The PFPs and e-Devices have been designed with hidden needles, possibly reducing needle phobia (Doma nska et al., 2017b) , and patient preference studies have found that patients generally find PFPs easier to use than PFSs (Kivitz et al., 2006) . However, some patients have reported that a PFS allows them more control over self-injection: a comparison study between a PFS and a PFP found patients who preferred the syringe often preferred it because the injection was easier to control and less painful (Kivitz et al., 2006) . RA is associated with dexterity issues; easy to use self-injection devices, such as PFPs, can improve ease of use and reduce pain, potentially facilitating adherence to treatment (Kivitz & Segurado, 2007) . In particular, patient comments suggest the larger grip of a PFP ('it's sturdy and the material on the handle is anti-slip which made me feel more confident') and audible indication clicks ('two clicks [were] reassuring') increase patient confidence (Doma nska et al., 2017b) .
e-Devices have enhanced technological features that can help with disease management (Collier et al., 2017; Doma nska et al., 2018) . These features allow patients to combine the ease of automated self-injection with increased selfinjection control. Previous studies have demonstrated that medication reminders and treatment logs can improve treatment adherence (Patel et al., 2013; Coorey et al., 2018) ; eDevices have the potential to incorporate these functions allowing patients to check if it is time to administer an injection, potentially helping to prevent unconscious non-adherence. As a result, this type of self-injection device may appeal to busy patients or patients with cognitive problems who may struggle to remember to carry out injections. The injection log can also be used to foster discussions with HCPs on reasons for non-adherence as injection history can be accessed and missed injections and injection patterns highlighted easily at clinic appointments (Doma nska et al., 2018) . Previous studies have demonstrated that support from HCPs can improve patient adherence (Mansoor et al., 2013) , and so an injection log that connects to a patient's electronic health records could identify patients at need of more direct support. The ability to practice injections and the step-bystep on-screen instructions can help patients increase their confidence in their ability to self-inject correctly (Doma nska et al., 2018) . Additionally, e-Devices permit personalization; for example, the technology allows patients to choose between different injection speeds (Doma nska et al., 2018) . However, an e-Device may not be appropriate for patients who are not at ease with technology.
In addition to a range of self-injection devices, patient support services are available that aim to support patients during self-injection. Support services provide education on the injection process, disease and treatment, and give patients an opportunity to share their experiences. This encourages patients to ask about, and therefore resolve, problems with successful self-injection. For example, a patient support program (PSP) for adalimumab patients includes patient education and injection training, delivery and disposal of devices, financial assistance, patient reminders and direct contact with specialist nurses . Several studies examining the impact of the adalimumab PSP found adherence increased in those using the service, compared to patients who were not (Hill et al., 2001; Rubin et al., 2017; Bessette et al., 2018; Marshall et al., 2018) . Additionally, providing patients with information about antirheumatic drugs in groups resulted in better outcomes and increased adherence, compared to providing information individually (Homer et al., 2009) . A review of studies reporting outcomes of PSPs found such services positively impact patient adherence, and patients enrolled in the program have increased Patient Activation Measure (PAM)-13 scores (Ganguli et al., 2016; Van den Bosch et al., 2017) . PAM is a measure of how 'activated' a patient is and is a reliable indicator of the level of patient knowledge and confidence regarding their own health and care (Hibbard et al., 2004) . Although beneficial, additional PSPs can add complexity to patients' treatment journeys. The development of e-Devices with functions such as connectivity and injection logging, can provide many PSP benefits without further burdening patients. In previous studies, patients described often feeling over-burdened by self-injection, for example struggling to remember how to inject (Schiff et al., 2017) . Therefore, any initiatives that seamlessly combine injection devices with support services will likely lead to improved patient experience.
The future of drug-delivery devices
Injection is a common method of drug administration, and injection devices are continually being developed. For example, researchers are currently developing a needle-free influenza vaccination -there may be the potential for adapting these innovations for use in biologic administration (McAllister et al., 2014) . Oral administration is generally preferred by patients and there is some evidence that it may increase adherence (Quante et al., 2012) . Oral administration of large protein molecules represents unique challenges, however, methods for biologic administration, particularly for gastrointestinal disease indications such as Crohn's disease, are being developed. For example, oral administration of anti-TNF to a mouse model of inflammatory bowel disease was found to improve symptoms (Bhol et al., 2013) . Additionally, recent research into the development of an oral biologic delivery system allowing injection of insulin into the stomach lining demonstrated comparable plasma drug levels to subcutaneous injection in animals (Abramson et al., 2019) . If proven effective in clinical trials, a similar delivery system could be developed for the administration of other large protein molecules, such as anti-TNFs.
With the advent of e-Devices in rheumatology, 'smart' self-injection devices can not only make the act of self-injecting easier but can also help patients manage their disease. For example, a future self-injection e-Device, developed with the ability to synchronize with a mobile phone application, could help patients and HCPs track their treatment and symptoms, provide education and increase patient confidence and motivation to adhere to their treatment regimen. This could be used to individualize treatment, help patients self-manage their disease and increase independence. Phone and computer applications available to support self-injection and drug delivery in other disease areas, for example, multiple sclerosis and diabetes, have been found to increase patient ability to track their own health and provide data for improved patient-HCP communication (Mougiakakou et al., 2010; Greiner et al., 2015) .
In recent years, there has been an accelerated drive to utilize artificial intelligence (AI) and machine learning algorithms to support patient care (Jiang et al., 2017) . Several studies have investigated the potential uses of machine learning in rheumatology. In one study, machine learning was successfully used to predict disease flares by monitoring levels of patient activity using activity trackers (Gossec et al., 2018) . In another study, machine learning was used to develop a clinical prediction model for RA mortality (Lezcano-Valverde et al., 2017) . Similar innovations could be developed by coupling machine learning to connected selfinjection devices; for example, it may be possible to monitor changes in patient-reported outcome measures using machine learning, this could then be used to predict disease activity and make treatment recommendations.
Conclusions
Low adherence to treatment regimens is a well-documented phenomenon in biologic drug research (Elliott, 2008; Bluett et al., 2015; Lopez-Gonzalez et al., 2015) . Reasons behind non-adherence are complex but evidence suggests they often originate from a lack of patient confidence or engagement (Nafradi et al., 2017; Maniadakis et al., 2018) . Supporting patients through PSPs and devices that address patient needs can increase confidence and motivation, and improve adherence (Nafradi et al., 2017; Rubin et al., 2017) . To ensure that self-injection devices are best designed to help overcome treatment administration challenges, device design and development should be centered around the patient. Published results from HFS and preference studies demonstrates the heterogeneity that exists in patient priorities and highlights how a single self-injection device cannot support the needs of all patient groups (Fraenkel et al., 2004; Kivitz et al., 2006; Doma nska et al., 2017a; Doma nska et al., 2018; Maniadakis et al., 2018) . By providing a choice of selfinjection devices HCPs will be able to support a larger proportion of patients and empower them to take control of their personal treatment journey. As discussed above, this has the potential to improve patient experience and treatment adherence, improve clinical outcomes, and reduce the economic and societal burden of disease.
